Abstract. Phosphoinositide-dependent kinase 1 (PDK1) is generally active in multiple myeloma (MM) and higher expression than other hematopoietic cells, which is associated with the drug resistance and the disease progression. Previous studies have demonstrated that PDK1 can be targeted therapeutically in MM. In the present study, we examined the combination effect of GSK2334470 (GSK-470), a novel and highly specific inhibitor of PDK1, with proteasome inhibitor MG-132 in MM cell lines. GSK-470 monotherapy significantly inhibited growth of MM cell lines and induced apoptosis that was associated with the activation of both the intrinsic mitochondrial pathway and the extrinsic death receptor pathway. Moreover, GSK-470 demonstrated synergistic growth inhibitory effects with MG-132. Notably, treatment with these inhibitors resulted in an almost complete inhibition of phosphorylation of mammalian target of rapamycin on Ser2448 and Ser2481 and full activation of AKT. The combination therapy also caused an upregulation of PTEN and an increased nuclear accumulation of PTEN protein. Collectively, our results provide the rationale for novel combination treatment with PDK1 inhibitor and proteasome inhibitors to improve outcomes in patients with MM.
Introduction
Multiple myeloma (MM) is an incurable B-cell malignancy which accounts for approximately 2% of deaths from all cancers and 20% of deaths from all hematological malignancies. Recently, some new agents such as bortezomib, lenalidomide and autologous stem cell transplantation have been shown to significantly improve the outcomes of MM patients. However, most patients will develop refractory disease and eventually suffer a fatal relapse (1, 2) . There are multiple mechanisms of resistance to proteasome inhibitors, such as overexpression of P-gp (3, 4) , mutations in the proteasome β5 subunit (PSMB5) (5, 6) , and induction of heat shock proteins (HSPs) and autophagy (7) (8) (9) . Some studies have also suggested that the activation of the phosphatidylinositol-3-kinase (PI3K)/AKT signaling pathway also resulted in resistance to bortezomib (10, 11) . In addition, cytokines, binding with its receptor, have been reported to induce cellular proliferation, survival advantage and bortezomib resistance in MM cells via activation of a PI3K/AKT kinase cascade (12) (13) (14) . For example, insulin-like growth factor-1 (IGF-1) stimulates cell growth in MM by activating AKT, especially in the context of drug resistance (12) . Suppression of the IGF-1 receptor (IGF-1R) can restore sensitivity to bortezomib in MM cell lines and primary cells of patients. Combined bortezomib with IGF-1R inhibitor OSI-906 has been reported to have a greater antimyeloma activity than either one alone in vitro and in vivo (13) . Suppression of AKT activation can also enhance the sensitivity of MM cells to bortezomib (15) . An open-label phase 1 study indicated that an AKT inhibitor may overcome resistance to bortezomib, as a partner of combination treatment for MM (16) . Therefore, alternative therapeutic strategies are needed to overcome drug resistance (17) .
Phosphoinositide-dependent kinase 1 (PDK1) is suggested to act as a downstream effector in many PI3K-mediated cellular processes, which transduces multiple signaling pathways that are involved in cell survival and proliferation (18) . Although definitive evidence is still lacking on whether inhibition of PDK1 can suppress tumorigenesis in vivo (19) it is clear that PDK1 is an intriguing target for cancer therapy. More recently, we as well as other researchers demonstrated that PDK1 inhibitors such as BX912, AR-12 and GSK2334470 (GSK-470), a novel and highly specific inhibitor of PDK1, induced growth inhibition and the induction of apoptosis, and increased the in vitro and in vivo cytotoxic effects of antimyeloma agents including chemotherapeutic drug and proteasome inhibitor bortezomibin in MM cells (20, 21) . However, the underlying mechanism of the synergistic effects between the PDK1 inhibitor and proteasome inhibitor is still elusive. In the present study, we used a combination of GSK-470 and proteasome inhibitor MG-132 that has been previously reported to specifically target the proteasome β5 subunit (22) to investigate the underlying mechanism responsible for the synergetic effect of the two agents.
Materials and methods
Cell culture and reagents. The RPMI8226 cell line was purchased from the American Type Culture Collection (ATCC; Rockville, MD, USA) and the ARP-1 cell line was kindly provided by Professor Cai Zhen (Zhejiang University, Hangzhou, China). The two cell lines were cultured in RPMI-1640 (HyClone Laboratories; GE Healthcare, Chicago, IL, USA) supplemented with 10% fetal bovine serum (FBS; HyClone Laboratories; GE Healthcare) at 37˚C in an incubator with 5% CO 2 . GSK-470 and MG-132 were purchased from Selleck Chemicals (Houston, TX, USA). IGF-1 was purchased from PeproTech (Rocky Hill, NJ, USA).
Cell viability assays. The inhibitory effect of GSK-470 and/or MG-132 on the proliferation of MM cell lines was examined by modified microculture tetrazolium (MTT) assay. Cells (2x10 4 cells/well) were cultured in 96-well plates and treated with GSK-470 and/or MG-132 at the indicated concentrations for 24 h. Following this incubation, 20 µl of MTT solution (5 mg/ml) was added into each well and then the plates were incubated for an additional 4 h at 37˚C. Following removal of the supernatant, 200 µl dimethyl sulfoxide (DMSO) was added to each well, and the absorbance at a wavelength of 570 nm was assessed using an enzyme-linked immunosorbent assay plate reader. Western blot analysis. For analyses of protein expression, cells treated with GSK-470 and/or MG-132 were collected by centrifuging and washed with cold PBS. Then, the cells were lysed in lysis buffer. The cytoplasm and nuclear proteins were extracted using NE-PER Nuclear and Cytoplasmic Extraction reagents (Thermo Fisher Scientific, Inc., Waltham, MA, USA) according to the manufacturer's instructions as previously described (23) . The lysate was quantified using the bicinchoninic acid (BCA) assay, and equal amounts of protein was subjected to 6-12% SDS-PAGE and transferred onto nitrocellulose membranes. After blocking with fat-free milk for 2 h, the membranes were incubated with primary antibodies at 4˚C overnight, and then incubated with secondary antibodies (Cell Signaling Technology, Beverly, MA, USA) for 2 h. Antibody binding was detected by enhanced chemiluminescence using an ECL detection kit. The primary antibodies used here were as follows and all diluted to 1:1,000 for western blot experiment: Cellular localization studies. Cells were treated with 2 µM GSK-470 and/or 200 nM MG-132 for 24 h, washed and fixed on the 0.1% poly-L-lysine (Wuhan Boshide Bio Inc, Wuhan, China)-treated slides with 4% paraformaldehyde for 30 min, permeabilized with 0.1% Triton X-100 and then blocked with goat serum for 30 min. Subsequently, the slides were incubated overnight with antibody PTEN (cat. no. ab32199; Abcam, Cambridge, UK) diluted 1:100 at 4˚C, rinsed three times with PBS, and then incubated with secondary antibody: Alexa Fluor 488 (cat. no. A10468; Invitrogen; Thermo Fisher Scientific, Inc.) diluted 1:500 for 1 h at 37˚C. Next, the slides were repeatedly rinsed three times with PBS, and then incubated with 100 nM rhodamine phalloidin (Cytoskeleton, Denver, CO, USA) for 30 min. Before incubation with 0.5 mg/ml DAPI (Invitrogen; Thermo Fisher Scientific, Inc.) for 5 min, the slides were again rinsed three times with PBS. The slides were then observed under an Olympus confocal microscope (Olympus FV1000; Olympus Corp., Tokyo, Japan).
Statistical analysis.
Experimental results are presented as the mean ± standard deviation (SD). Statistical analysis was performed by one-way analysis of variance. P<0.05 was considered to indicate a statistically significant difference. Synergisms in the combination treatments were analyzed using CalcuSyn software (Biosoft, Cambridge, UK).
Results

GSK-470 inhibits cellular proliferation and induces apoptosis in MM cell lines.
We first assessed the cytotoxic effect of GSK-470 on the human MM cell lines. As shown in Fig. 1A , both RPMI8226 and ARP-1 cell lines exhibited a sensitivity to GSK-470 in a dose-dependent manner as determined by an MTT assay. The 50% inhibition (IC 50 ) values of GSK-470 at 48 h were 5.04 µM in the RPMI8226 cells and 2.21 µM in the ARP-1 cells, respectively. Since IL-6 acts as an important mediator of cell survival, migration and drug resistance in MM (11), we next evaluated the effect of GSK-470 on RPMI8226 in the presence of exogenous IL-6. RPMI8226 cells were incubated in FBS-free RPMI-1640 medium containing 1-10 µM GSK-470 and 100 ng/ml IL-6. Stimulation by IL-6 increased cell growth of myeloma cells, but GSK-470 was able to suppress this stimulation (Fig. 1B) . Following treatment of ARP-1 cells with GSK-470 at various concentrations (100-2,500 nM) for 24 h, we revealed that GSK-470 triggered a time-dependent cleavage of caspase-8, -9 and -3, followed by PARP cleavage (Fig. 1C) . These data indicated that GSK-470 induced cytotoxicity and apoptosis in myeloma cells.
GSK-470 significantly inhibited the phosphorylation of AKT at Thr308 (Fig. 1C) . Since inhibition of PTEN phosphorylation is important for PTEN protein stability to proteasome-mediated degradation (24), we next examined the effect of GSK-470 on the phosphorylation of PTEN in ARP-1 cells. GSK-470 induced a notable inhibition of phosphor-PTEN at Ser380 and Thr382/383 (Fig. 1C) , which may accelerate the proteasome-mediated degradation of PTEN (24) .
MG-132 sensitizes MM cells to GSK-470-mediated cell death.
Since a previous study reported that the combined use of PDK1 inhibitor BX-912 and bortezomib exerts synergistic effect in MM cells (21), we examined whether the sensitivity of RPMI8226 cells to GSK-470 was enhanced by MG-132. For this purpose, we treated RPMI8226 cells with a series of concentrations of GSK-470 and MG-132 either alone or in combination for 24 h and assessed cell viability using an MTT assay. As revealed in Fig. 2A , co-treatment with GSK-470 and MG-132 led to significantly lower cell viability than either GSK-470 or MG-132 treatment alone. The combination index values were <1, which indicated a synergistic effect between GSK-470 and MG-132 (Fig. 2B) . Flow cytometric analysis revealed an enhanced apoptosis of cells following exposure to treatment with GSK-470 plus MG-132 (Fig. 2C) . We also evaluated the cytotoxicity triggered by GSK-470 and MG-132 against primary myeloma cells. The myeloma cells from a patient newly diagnosed with MM were treated with GSK-470 (5 µM) and/or MG-132 (400 nM) for the detection of cell viability and apoptosis. Combination of GSK-470 with MG-132 resulted in an enhanced cytotoxicity against primary myeloma cells and produced more apoptotic cells (Fig. 3) . The indicated human myeloma cell lines were cultured with increasing concentrations of GSK-470 for 48 h and cell viability was assessed by an MTT assay. (B) RPMI8226 cells were cultured in serum-free medium for 2 h, followed by incubation with or without 10 ng/ml IL-6 for 2 h. Then, the cells were treated with the indicated concentrations of GSK-470 for 24 h. Cell growth was assessed using an MTT assay. Data are presented as the mean ± SD of three independent experiments. (C) ARP-1 cells were treated with GSK-470 (100-2,500 nM) for 24 h. Whole-cell lysates were extracted for the detection of the activation of caspase-8, caspase-9, caspase-3 and PARP by western blot analysis. The phosphorylation and protein expression of PTEN and AKT were also examined. Actin was used as an internal standard.
GSK-470 combined with MG-132 results in almost complete inhibition of the activity of AKT as well as mTORC1/mTORC2
. In order to characterize the cytotoxicity of GSK-470 combined with MG-132 against MM cells, we examined the alteration of the apoptotic pathway induced by the co-treatment. Western blot analysis indicated that RPMI8226 cells treated with GSK-470 or MG-132 alone demonstrated a weak activation of both the extrinsic and intrinsic apoptosis pathway, indicated by cleavage of caspase-8, caspase-9, caspase-3 and PARP. In contrast, an enhanced activation of cleaved caspase molecules was observed in the myeloma cells treated with the combination therapy (Fig. 4A) .
The PI3K/AKT/mTOR signaling pathway is frequently hyperactivated in MM cells, which is associated with resistance to antimyeloma agents (20, 25) . Our data indicated that GSK-470 inhibited PI3K p110α protein expression. However, co-treatment with GSK-470 and MG-132 led to a markedly enhanced inhibition of PI3K p110α (Fig. 4B) . Western blot analysis also indicated that GSK-470 decreased phosphorylation of AKT at Thr308 and phosphorylation of mTOR on Ser2448, a downstream molecule of AKT, consistent with the notion that Thr308 residues of AKT are the main effectors of PDK1 in cancer cells (20) . Additionally, MG-132 exhibited inhibitory effects on the phosphorylation of AKT at Ser473 and phosphorylation of mTOR at Ser2481, a marker for mTORC2 activity. Notably, the combination therapy led to almost complete elimination of phosphorylated AKT (Ser473/Thr308) and activity of mTORC1 as well as mTORC2. Furthermore, significantly upregulated expression of PTEN was observed in the MG-132-treated cells compared to the untreated cells, which was consistent with a recent observation which revealed that bortezomib increased PTEN expression in drug-resistant breast cancer cells (26) .
Increased PTEN accumulation in the nucleus may play a crucial role in the synergistic effect between GSK-470 and MG-132.
Recent studies demonstrated that in the nucleus PTEN exerts an important tumor-suppressive function (27) . In the present study, PTEN expression was slightly elevated in nucleus of cells treated with GSK-470 compared to the untreated control. Whereas, a higher level of PTEN was found in the nuclear protein extracts of RPMI8226 cells treated with MG-132, but not in the cytoplasmic extracts. Furthermore, combination of GSK-470 and MG-132 resulted in a significantly increased level of PTEN protein in the nucleus but decreased PTEN protein expression in the cytoplasm (Fig. 5A) . To confirm the subcellular localization of PTEN in MM cells, confocal microscopy studies were performed (Fig. 5B) . Intense staining of PTEN was observed at the nuclear periphery and in the cytoplasm of MG-132-treated cells. Notably, PTEN was found mainly in the nucleus when cells were treated with the 
Discussion
Targeting PDK1 may represent a promising therapeutic approach for MM since PDK1 is implicated in signaling pathways frequently activated in cancer, such as PI3K/AKT, Ras/MAPK and Myc (28) . It has been reported that PDK1 is active in myeloma cells in a majority of MM patients, which is associated with disease progression and resistance to treatment (21) . We as well as other researchers have previously revealed that the PDK1 inhibitor is very effective at killing myeloma cells (20, 21) . In the present study, we set out to characterize the potential antimyeloma activity of combined GSK-470 with MG-132, as well as to investigate the underlying mechanism by which GSK470 and MG-132 synergize to kill myeloma cells. Our findings demonstrated a synergism in vitro, demonstrating the effectiveness of targeting both PDK1 and a proteasome in this model. The combination therapy resulted in an enhanced apoptosis and activation of both caspase-8 and -9 followed by downstream activation of caspase-3 and PARP, suggesting that the two main pathways of procaspase activation (the intrinsic mitochondrial pathway and the extrinsic death receptor pathway) are involved.
AKT kinase is a well-studied viability-promoting effector molecule, which is activated in MM cell lines (29) and in the tumors of patients (30) . AKT signaling mediates MM cell resistance to chemotherapeutic agents such as dexamethasone, melphalan, vincristine, and bortezomib (31) . IGF-1 is a critical growth factor in MM and confers drug resistance also by activating AKT (14) . Our data demonstrated that exogenous IGF-1 did not reverse the growth inhibition induced by GSK-470 and that GSK-470 inhibited phosphor-PDK1, consequently suppressing the phosphorylation of AKT at Thr308, but failed to suppress phosphor-AKT on Ser473. These results are consistent with the finding that PDK1 directly phosphorylates Thr308 residues of AKT (32), but requires mTOR complex 2 (mTORC2)-induced AKT phosphorylation on Ser473 for full activation of AKT (33) . Notably, we demonstrated that combination of GSK-1 and MG-132 resulted in potent suppression of not only phosphor-AKT at Thr308 and Ser473 but also phosphor-mTOR at Ser2448 and Ser2481. Collectively, these results revealed that the combination of GSK-470 with MG-132 may be particularly useful to drug resistance.
Loss of function of the PTEN gene as well as increased expression of both PI3K and AKT are frequent events in cancers. In addition to mutation or deletion in PTEN itself, epigenetic silencing by gene promoter methylation and alterations of miRNA such as miR-221/222, miR-19a and miR-22 are also involved in cancer (34) (35) (36) (37) . In MM, the aberrant expression of PTEN may be associated with disease progression (38) . It is well known that normal phosphorylation of PTEN in its C-terminal non-catalytic regulatory domain is important for PTEN protein stability to proteasome-mediated degradation (24,39). Our data indicated that GSK-470 significantly inhibited the phosphorylation of PTEN at Ser380/Thr382/383, which could lead to rapid degradation of PTEN. However, we revealed that the upregulation of PTEN was observed in RPMI8226 cells treated with MG-132, a novel proteasome inhibitor, suggesting that MG-132 treatment decreased protein degradation of PTEN. This result is in accordance with the observation that MG-132 inhibited the degradation of both PTEN wild-type and mutant (24) , and is consistent with a previous study which revealed that bortezomib increased PTEN expression and enhanced trastuzumab-induced growth inhibition in trastuzumab-resistant breast cancer cells (26) . Notably, our findings indicated that co-treatment of GSK-470 and MG-132 significantly induced an increased nuclear localization of the PTEN protein in MM cells. Based on previous studies demonstrating that nuclear PTEN plays a significant role in the maintenance of genomic stability through the modulation of DNA repair, chromosomal segregation, and cell cycle arrest (40) and that PTEN nuclear localization is regulated by oxidative stress and mediates p53-dependent tumor suppression (41), our results revealed that increased nuclear localization of the PTEN protein elicited by the combination therapy may contribute to the synergistic effect on MM cell death.
In summary, the data presented in this study demonstrated the synergy between GSK-470 and MG-132 in MM. Mechanistically, treatment with these inhibitors significantly suppressed full activity of AKT and mTORC1/mTORC2 activity. In particular this combination therapy upregulated PTEN and resulted in an increased nuclear accumulation of the PTEN protein. Collectively, our data may provide the framework for utilizing the PDK1 inhibitor in combination with a proteasome inhibitor to enhance anti-MM activities.
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